Unrestricted use of oxygen in the delivery room after preterm birth has been associated with reduced cerebral blood flow (CBF) 2 h later. To further investigate residual cerebrovascular effects of transient hyperoxia, we developed a newborn rat model in which laser-Doppler flowmetry (LDF) and near-infrared spectroscopy (NIRS) were used to monitor changes in cerebral perfusion. The hypothesis to be tested was that hyperoxic exposure limits cerebral vasodilation in response to increase in carbon dioxide tension (PCO 2 ). Twenty-four 3-to 5-d-old rats were kept on spontaneous breathing with doxapram under light isoflurane anesthesia, randomized into two groups, and exposed to either room air or 100% oxygen for 30 min. Then, after 15 min of stabilization in normoxia, 8% CO 2 was given for 5 min. No significant differences in CO 2 responses were observed between the two groups: mean CBF-CO 2 reactivity as measured by NIRS was 13.3 Ϯ 3.9 %/kPa in the normoxia-group versus 8.8 Ϯ 4.1 %/kPa in the hyperoxia group (NS). The oxygenation index [(HbO 2 Ϫ Hb)/2] increased by 0.67 Ϯ 0.17 mol/L/kPa in the normoxia group compared with 1.18 Ϯ 0.19 mol/L/kPa in the hyperoxia group (NS). Cortical perfusion, monitored by LDF, increased by 7.3 Ϯ 1.5 %/kPa versus 6.8 Ϯ 1.8 %/kPa in the normoxia and hyperoxia groups, respectively (NS). We conclude that in newborn rats the CBF-CO 2 reactivity remains intact after 30 min of oxygen exposure. The premature infant's brain is vulnerable to ischemia (1). Hyperoxia reduces CBF (2) and we previously reported that the administration of high oxygen concentrations in the delivery room was associated with reduced CBF 2 h later (3).
The premature infant's brain is vulnerable to ischemia (1) . Hyperoxia reduces CBF (2) and we previously reported that the administration of high oxygen concentrations in the delivery room was associated with reduced CBF 2 h later (3) .
Endothelin isopeptide-1 may be involved in the prolonged cerebrovascular effects of hyperoxia. Hyperoxia stimulates in vitro endothelin-1 secretion in bovine retinal endothelial cells (4) and, under normocapnic conditions, it elevates the concentration of endothelin-1 in the cortical periarachnoid cerebrospinal fluid in newborn pigs (5) . In anesthetized rats, it was demonstrated that the reduction in CBF, induced by endothelin-1, was dose dependent and persisted for at least 60 min (6) .
Sensitivity to hyperoxemia seems to decrease with maturity, which means that this effect may be prolonged in the immature brain (7) . Whether transient hyperoxia affects cerebrovascular reactivity is unknown. A reduced vasodilatory capacity in response to increase in PCO 2 might render the brain more susceptible to hypoxemic or ischemic episodes.
The aim of this study was to evaluate residual cerebrovascular effects of transient hyperoxia in the immature brain. For this purpose, 3-to 5-d-old rat pups were used because of the relative immaturity of their brain at birth compared with other animal species and preterm infants.
The hypothesis to be tested was that hyperoxic exposure limits the vasodilatory capacity of cerebral circulation in response to increase in PCO 2 .
METHODS

NIRS
For this study, a Radiometer instrument (Radiometer, Copenhagen, Denmark) working at four wavelengths (775, 805, 845, and 904 nm) was used, the fiber diameter being 3 mm. NIRS monitoring was performed in a transmittance mode with a mean interoptode distance of 1.01 cm (the interoptode distance was measured at the end of each experiment NIRS signals were recorded with a 1.0-s averaging time to measure CBF using an oxygen step method and an algorithm and quality criteria previously used in newborn babies (9) and modified for the newborn rat (9a). Because ventilation was slightly impaired by anesthesia and arterial oxygen saturation (SaO 2 ) in the 92-96% range, the use of the transient-oxygen method was possible. Three oxygen transients were administered for each measurement. One to three of these passed quality criteria and the result was calculated as a mean of those.
LDF
A Perimed 5010 (Stockholm, Sweden) was used, working with a laser light source of 780 nm and a separation distance of optical fibers of 250 m.
Changes in cortical perfusion were continuously recorded and expressed as a percentage of the resting flow before the experimental acute manipulation.
ANIMAL PREPARATION
Anesthesia was induced by inhalation of isoflurane (3.5% in 30% oxygen) while the scalp was removed from the anterior part of the head to expose the skull. Isoflurane was then reduced to 1% and maintained throughout the experiment. The laser-Doppler probe was positioned into a manipulator and placed on the skull; a site with minimal readings was chosen, to minimize the influence of larger vessels. NIRS was performed simultaneously in a transmittance mode by placing the optodes onto the scalp in the right (source fiber) and left (detector fiber) parietal area of the head.
Animals were kept on spontaneous breathing throughout the experiment. To avoid apnea and reduction in respiratory rate during anesthesia, a continuous intraperitoneal infusion of doxapram hydrochloride (Dopram i.v., Wyeth Lederle, Wyeth-Ayerst International, Inc., Philadelphia, PA, U.S.A.) (2 mg/kg/h diluted in saline; infusion rate 0.5 mL/h; infusion pump, Harvard Apparatus, Holliston, MA, U.S.A.) was administered.
ECG, respiratory waveform (Neoscope, S&W Medico Teknik, Albertslund, Denmark), SaO 2 (pulse oximeter, probe model 8123-015, Radiometer) and subcutaneous temperature (Medical Precision Thermometer, Ellab, Copenhagen, Denmark) were continuously monitored. Body temperature was maintained at 37 Ϯ 0.3°C by covering the pup with a heating pad.
Changes in PCO 2 were estimated by transcutaneous CO 2 monitoring (TINA, Radiometer). The electrode was placed on the animal's abdomen and heated to 42°C for 45 min and thereafter to 44.5°C. The reliability of tcCO 2 monitoring is acceptable in this model. A detailed description of the animal model is reported in a preliminary paper (9a).
Litters of 1-d-old Sprague-Dawley rat pups, together with their dams, were purchased from a commercial breeder (M&B, Lille Skensved, Denmark) and housed in individual cages. Offspring were reared with their dams until the time of experimentation. The adult rats were fed with standard diet (Altromin-1324 diet, Brogaarden, Gentofte, Denmark): food and water were freely available. The animals were kept at room temperature of 22 Ϯ 3°C and relative air humidity of 50 -65%, in a light-dark cycle of 12 h.
The experimental protocol was approved by the Danish Animal Experiments Inspectorate.
EXPERIMENTAL PROTOCOL
The animal preparation was followed by 15 min of normoxia. During this period, the inspired oxygen fraction (FiO 2 ) was maintained between 0.21 and 0.30 to keep SaO 2 in a range between 92% and 96%. Thereafter, the pups were randomized into two groups and exposed to either room air (FiO 2 0.21-0.30, normoxia group) or 100% oxygen (hyperoxia group) for 30 min. To study the residual effects of transient hyperoxia, the animals underwent 15 min of stabilization in normoxia (FiO 2 0.21-0.30, SaO 2 92-96%) before cerebrovascular reactivity to changes in PCO 2 was investigated by exposing the rats to 8% CO 2 (balanced with oxygen to keep FiO 2 constant) for 5 min. Then changes in [OI], measured by NIRS, and cortical perfusion, estimated by LDF, were calculated. Measurements of absolute CBF (mL/100 g/min) by NIRS were performed 10 -0 min before and 5-15 min after induction of hypercapnia. Ten minutes were used to attempt to measure CBF three times.
At the end of the experiment, during hypercapnia, the animals were decapitated and mixed arterial-venous blood was sampled from the severed vessels of the neck into a 95-L heparinized glass capillary tube and analyzed for pH, PCO 2 (kPa), standard base excess (SBE, mmol/L), total Hb concen-
, mmol/L) (ABL 700 Analyzer, Radiometer).
DEFINITIONS AND DATA ANALYSIS
Measurements from NIRS, LDF, transcutaneous gas monitoring, and SaO 2 were converted from analog to digital, stored, and processed on a personal computer. CO 2 reactivity, as measured by LDF, was calculated according to the following formula: CO 2 reactivity (%/kPa) ϭ ⌬LDF · 100/⌬tcpCO 2 , where ⌬LDF ϭ (LDF value at the end of 5 min of hypercapnia Ϫ LDF value before CO 2 inhalation)/LDF value before CO 2 inhalation; and ⌬tcpCO 2 ϭ tcpCO 2 at the end of 5 min of hypercapnia Ϫ tcpCO 2 Changes in CBF according to changes in PCO 2 were expressed as percentage increase in CBF per kPa (%/kPa): CBF-CO 2 reactivity (%/kPa) ϭ ⌬CBF · 100/⌬tcpCO 2 , where ⌬CBF ϭ (CBF value measured 5-15 min after induction of hypercapnia Ϫ CBF value measured 10 -0 min before CO 2 inhalation)/CBF value measured 10 -0 min before CO 2 inhalation. If more than one CBF measurement was successful, the mean value was calculated.
STATISTICS
The distributions of measurements were checked for deviations from normality by the Kolmogorov-Smirnov one-sample test. No significant deviation was found and therefore the unpaired t test was used to compare CBF values, before CO 2 inhalation, and CO 2 reactivity in the normoxia and hyperoxia groups. Values were expressed as mean Ϯ SE of means and were considered statistically significant at p Ͻ 0.05.
RESULTS
Twelve newborn rats were included in each group. The groups were homogeneous as far as weight and postnatal age were concerned (normoxia group: mean age, 3.7 d; mean weight, 9.78 Ϯ 0.48 g; hyperoxia-group: mean age, 3.9 d; mean weight, 9.60 Ϯ 0.40 g).
The pups were stable (Table 1) and at the end of the experiment no significant differences were observed in the blood levels of lactate, glucose, Hb, sodium, potassium, and calcium between the two groups. A significantly lower pH and SBE, without any significant difference in lactate levels, was found in the normoxia group compared with the hyperoxia group.
After 15 min of stabilization in normoxia, after either oxygen or room air exposure, mean absolute CBF was 35.5 Ϯ 3.4 mL/100 g/min in the normoxia group and 33.8 Ϯ 4.0 mL/100 g/min in the hyperoxia group (NS, p ϭ 0.75) (Fig. 1) .
After 5 min of 8% CO 2 inhalation, mean tcpCO 2 increased from 7.9 Ϯ 0.19 kPa to 10.6 Ϯ 0.17 kPa and from 7.9 Ϯ 0.30 kPa to 10.0 Ϯ 0.29 kPa in the normoxia and hyperoxia groups, respectively. TcpCO 2 values before and after 5 min of CO 2 inhalation were comparable in the two groups. Mixed arterialvenous PCO 2 was measured on the blood sample collected after A clear cerebrovascular response to CO 2 inhalation was recorded in most pups; an example is given in Figure 2 .
No statistically significant differences in CO 2 reactivity were observed between the normoxia group and the hyperoxia group for any of the parameters investigated by both NIRS and LDF (Fig. 3). [OI] increased by 0.67 Ϯ 0.17 mol/L/kPa and 1.18 Ϯ 0.19 mol/L/kPa in the normoxia and hyperoxia groups, respectively (NS, p ϭ 0.062). Percentage changes in CBF were successfully measured in 10 of 12 pups in the normoxia group and in 9 of 12 in the hyperoxia group: CBF increased by 13.3 Ϯ 3.9 %/kPa in the former group compared with 8.8 Ϯ 4.1 %/kPa in the latter (NS, p ϭ 0.436). Mean increase in LDF was 7.3 Ϯ 1.5 %/kPa (measurements performed in 10 of 12 pups) in the normoxia group and 6.8 Ϯ 1.8 %/kPa in the hyperoxia group (in 6 of 12 pups) (NS, p ϭ 0.848).
DISCUSSION
Our results show that the CO 2 response is not significantly reduced by preceding oxygen exposure. Some considerations on the animal model and the study design are necessary.
The aim of this study was to investigate residual cerebrovascular effects of transient hyperoxia in the immature brain, which seems to be particularly sensitive to hyperoxemia compared with the more mature brain. The brain of a 7-d-old postnatal rat is considered comparable with that of a 32-34 wk gestation human fetus or newborn infant; i.e. cerebral cortical layering is complete, the germinal matrix is involuting, and white matter has yet to myelinate (10) . We used slightly younger rats.
According to our primary hypothesis, the cerebrovascular reactivity was tested by a hypercapnic gas challenge. Cerebrovascular reactivity to changes in PCO 2 is involved in the coupling of CBF to energy metabolism (11) . We used two different techniques, NIRS and LDF, and three different measures of CO 2 reactivity. Agreement among these different estimations of cerebrovascular response to CO 2 inhalation was found, supporting the validity of our results. NIRS and LDF have been widely used in adult animals and the methodology of these measurements has been well established, but to our knowledge little data are available in literature on the use of these techniques in newborn rats. Therefore, we confirmed the stability and reproducibility of NIRS and LDF in a preliminary study (9a) . Moreover, possible interac- and hyperoxia groups (closed symbols) during 8% CO 2 inhalation (E, n ϭ12; ⅷ, n ϭ 12; ᮀ, n ϭ 10, f, n ϭ 9; ‚, n ϭ 10; OE, n ϭ 6). Values are mean Ϯ SE. No statistically significant differences were found between the two groups for any of the parameters.
tions between LDF and NIRS, during simultaneous recording, were investigated: no bias, but a slight increase in NIRS noise (estimated by rise in RMS from 0.29 to 0.51 mol/L on measurement of cerebral [Hbt] during a stable period) was observed. CBF measurement by NIRS and the oxygen transient method is subject to a high variability as previously demonstrated in preterm infants (9) . A few absolute CBF and LDF measurements during hypercapnic exposure had to be discarded due to movement artifacts. Movements were rare, small, and brief and did not suggest that anesthesia was insufficient.
The tcpCO 2 before inhalation appears high but is in agreement with previously reported data in 5-d-old rats (12) .
The magnitude of CBF-CO 2 response observed in our study is low compared with preterm babies (13) . Contrasting evidence exists on CO 2 reactivity in newborn rats. Using hydrogen clearance and CO 2 inhalation, absent (14) as well as near-normal CO 2 reactivity are reported in newborn rats (15) .
The cerebrovascular reactivity depends on the metabolic state of the brain and on the perfusion pressure: at the lower threshold of pressure-flow autoregulation or below, the CO 2 response is decreased or absent (16) . Due to the size of the animals, measurement of arterial blood pressure could not be carried out, therefore we cannot rule out a possible effect of changes in systemic hemodynamics on CO 2 reactivity.
The administration of either isoflurane or doxapram during the experiment might have affected cerebrovascular reactivity too. However, during anesthesia with isoflurane, CO 2 reactivity is maintained in adult humans and rats and is even higher than with other kinds of anesthetic drugs (17) (18) (19) .
Little is known about the effects of doxapram administration on cerebral circulation. We therefore studied another four 3-to 5-d-old rat pups without doxapram: after exposure to 8% CO 2 for 5 min, [OI] increased by 0.57 Ϯ 0.23 mol/L/kPa, CBF by 8.3 Ϯ 5.8 %/kPa, and LDF by 3.9 Ϯ 1.2 %/kPa. This was similar to the normoxia group, and it appears unlikely that doxapram significantly confounded the results.
The primary hypothesis was not confirmed. Hyperoxia stimulates the secretion of endothelins, which are involved in the regulation of cerebral vascular tone (4, 5) . Endothelins have a plasma half-life of a few minutes but elicit a long-lasting pressor response, due to the slow dissociation from receptors (20) . Vasodilating prostanoids and nitric oxide are important in hypercapnia-induced vasodilation (21, 22) and it is possible that these mechanisms overrule the vasoconstrictor effect of endothelins.
After 15 min of stabilization in normoxia after oxygen exposure, the absolute CBF values of the hyperoxia group were comparable with those of the normoxia group. The power of our study concerning absolute CBF values, however, is insufficient to prove or exclude a residual effect (95% confidence interval for effect of hyperoxia on CBF: Ϫ37% to ϩ25%). One reason for this wide confidence interval is the modest precision of the individual absolute CBF values as indicated by a testretest variability of 6.7-9.7 mL/100 g/min (9a). We have previously shown a residual effect in preterm babies of Ϫ22% (3).
In a study of 2-to 3-d-old babies using Doppler ultrasound, mean flow velocity did not return to baseline 10 min after hyperoxia in preterm infants, but did so in term babies (23) . In adult healthy volunteers, a decrease in CBF was observed in response to 100% oxygen administration but after hyperoxia, normal CBF was restored with a delay of approximately 6 min (24).
In conclusion, in newborn rats the vasodilatory capacity of cerebral circulation in response to increase in PCO 2 does not seem to be limited by transient hyperoxic exposure. Further studies are necessary to investigate species differences in cerebrovascular responses before these results might be extended to preterm babies.
